Songbirds share a number of parallels with humans that make them an attractive model system for studying the behavioral and neurobiological mechanisms that underlie the learning and processing of vocal communication signals. Here we review the perceptual and cognitive mechanisms of audition in birds, and emphasize the behavioral and neural basis of song recognition. Where appropriate, we point out a number of intersections with human vocal communication behavior that suggest common mechanisms amenable to further study, and limitations of birdsong as a model for human language.
Introduction
Like other communication signals, one adaptive function of birdsong is to influence the behavior of others, usually conspecific individuals (Kroodsma & Miller, 1996) . Communication signals achieve this function by transmitting information between the sender of the signal and the receivers. The success of this transmission rests on predictability. When a sender produces a specific signal, in this case a song, it does so under the expectation that the signal will elicit a predictable (i.e. intended) behavior in the receiver. Without the predictable correspondence between production and perception, signals would lose their functionality. Thus, the presence of a functional signal implies a reliable correspondence between production and perception mechanisms shaped and maintained by selection pressures. This correspondence confers a special status to communication signals. Like other natural stimuli, communication signals are often physically complex. Unlike most complex natural stimuli, however, many of the physical dimensions along which communication signals vary can be directly tied to adaptive behaviors. Research in oscine birds has capitalized on this idea to study the mechanisms underlying the perception and cognition of complex natural stimuli (song) in the context of natural behaviors.
What follows is an account of our current understanding about the ways in which the songbird auditory system interprets a continuous stream of acoustic information as a collection of behaviorally relevant communication signals and uses this information to affect behavior (Fig. 1 ). Parallels will be drawn to human vocal communication, and we will present a case for the use of songbirds as a model of certain aspects of human language processing. We first provide a broad overview of perceptual psychophysics in songbirds so that one can appreciate the strong perceptual similarities between birds and humans. We then review the behavioral and neurophysiological work on conspecific song perception, focusing on individual vocal recognition mechanisms in European starlings, a species of songbird.
Perceptual psychoacoustics
It is helpful for any description of a complex system to begin with a characterization of general abilities along fundamental dimensions. Common dimensions along which acoustic signals are deconstructed are frequency, amplitude, and time, and it is instructive to understand sensory processing at this level. The goal of such research is to inform our understanding of how more 'atomic' descriptions of sounds give rise to the perception of more complex behaviorally relevant features. Such studies provide an important context for studies of more complex signals, and establish the range over which any perceptual ability can operate. The following section provides a brief description of avian psychoacoustics studies supporting the notion that humans and birds experience a similar acoustic world. More thorough reviews are available (Dooling, 1982 (Dooling, , 1992 (Dooling, , 2000 Fay, 1988) . 
Spectral sensitivity
Audibility curves, which describe the loudness (sound pressure level, SPL) required for detectability as a function of frequency, have the same basic shape in many songbird species (Dooling, Okanoya, Downing, & Hulse, 1986; Okanoya & Dooling, 1987) . The threshold sensitivity for pure tones in most songbird species is best around 2-5 kHz, increases gradually as the frequency of the tone becomes lower, and increases quite sharply as the frequency of the tone rises. The typical high-frequency cutoff for songbirds is 8-11 kHz. Although audibility thresholds are lower in humans than in birds, the overall shape of the audibility curve is similar.
In addition to hearing single tones, the auditory system must also discriminate between different tones. Understanding the minimal detectable differences between tones can point to the types of frequency modulations within a signal that are available for a species to use in vocal communication. In general, birds are quite sensitive to changes in frequency, and can discriminate a change in frequency as small as 1% (Dooling, 1982) , while humans have even lower detection thresholds across the range of audible frequencies. Birds' sensitivity to frequency changes also depends on the type of frequency modulation and range of carrier frequencies (Langemann & Klump, 1992) , results again similar to observations made in human studies (Demany & Semal, 1989; Fastl, 1978) . To detect a change in intensity (loudness) between two successive tones, birds require a difference of about 3 dB, humans about 1 dB (Dooling, 1982) . While humans have quantitatively lower detection thresholds for frequency and loudness discrimination, the similarity of findings in humans and birds point to auditory systems that are qualitatively similar in the range of psychophysically observable spectral sensitivities.
Temporal sensitivity
Most acoustic signals unfold over time, and processing in the temporal domain is therefore particularly important. Temporal processing abilities of songbirds have been studied in a variety of ways. A simple measure is the detectability of a sound as its temporal duration increases. In general, the longer the tone is played for, the lower the SPL needed for detection. Consistent with findings from a host of other animals including humans (see Brown & Maloney, 1986) , birds' thresholds for hearing a pure tone improve as the duration is increased from a few milliseconds to 200-300 ms (Dooling, 1980) . Another common measure of temporal acuity, known as the gap detection threshold, measures the minimum temporal interval that can be detected between two sounds. Several studies from birds show gap detection thresholds ranging from 2 to 3 ms, which is similar to thresholds found in humans (see Klump & Maier, 1989) . This suggests that intervals in natural vocalizations less than 2-3 ms may not be perceived. Duration discrimination measures, which describe an organism's ability to determine whether one sound has a longer duration than another, are also similar between birds and humans (Maier & Klump, 1990) .
Masking
In psychoacoustics, the critical ratio describes the ability of an organism to perceive a tone in a noisy background. It is defined as the SPL of a target tone needed for detection divided by the SPL of the background masking noise. Critical ratios are a function of the frequency of the target tone, and in accordance with previous studies in humans and in other mammals, critical ratios in most songbirds increase at about 3 dB per octave (Dooling et al., 1986; Langemann, Klump, & Dooling, 1995; Okanoya & Dooling, 1987) . Most songbirds' critical ratio curves show a similar shape to those of humans and other mammals, though humans show lowered threshold levels on the order of a few decibels (Okanoya & Dooling, 1987) .
Comodulation masking release (CMR) is a slightly more complex masking phenomenon that has been described in both birds and humans. CMR occurs when sounds that are modulated together across time serve to release each other from masking by overlapping noise. CMR is measured as the effective decrease in threshold SPL afforded by the comodulation. CMR has been proposed as mechanism for auditory stream segregation (discussed below), as sounds that are produced from the same source take the same path to the listener and are therefore modulated . Although this review focuses on songbird auditory processing, many of the functions of the auditory system are likely conserved across a range of vertebrates, including humans. As behavioral complexity increases, so does the likelihood that particular mechanisms are unique to different species. The similarities and the differences between species yield powerful comparative hypotheses about the behavioral and neural mechanisms for auditory perception and cognition in vertebrates.
identically. Starlings show robust CMR, and in many ways are similar to humans in terms of amount of masking release and the frequency and bandwidth dependencies of the release .
Auditory cognition in birds
Within the broad framework of acoustic processes laid out by the results of psychoacoustic studies, birds (and any other organism that uses acoustic communication) face a number of specific challenges. The auditory system must first detect a potentially relevant signal against backgrounds of environmental noise or other potentially relevant signals. Signals must be processed to determine their relevance in specific behavioral contexts, and mapped onto appropriate behaviors. These behaviors are often mediated by learning, memory and attentional mechanisms, implying a suite of cognitive processes that act on complex stimulus representations such as stream segregation, discrimination, recognition, categorization, temporal pattern detection, and decision processes. The acoustic diversity of birdsong makes the system attractive for studies of the behavioral and neurobiological bases for many of these cognitive processes.
Stream segregation
One challenge to the auditory system is the separation of incoming auditory information into behaviorally relevant groups, or streams. This is referred to as stream segregation, and under most natural conditions equates to separation of streams based on originating source. In order to effectively use the acoustic information in one's environment, it is helpful to group acoustic information arising from the same source, and to treat this information as separate from information arising from other sources. In human language, for example, this ability allows one to follow the vocalizations of a speaker across time in a noisy environment.
Stream segregation is one of the main tasks of any perceptual system engaged in vocal communication, and it is therefore no surprise that songbirds are capable of separating one auditory stream from another in a variety of conditions. Like humans (Bregman, 1990) , starlings can hear competing streams emerge from a sequence of alternating tones when the frequency difference between putative ''streams" is large (MacDougall-Shackleton, Hulse, Gentner, & White, 1998) . Likewise, starlings continue to recognize long segments of conspecific songs when noise is added in the form of other starling songs, the songs of other species, or an entire 'dawn chorus' (Hulse, MacDougall-Shackleton, & Wisniewski, 1997) . Canaries can maintain accurate recognition of conspecific song in the face of very loud broadband white noise (Appeltants, Gentner, Hulse, Balthazart, & Ball, 2005) . The neural correlates of the so-called cocktail party effect, that is the extraction of a meaningful communication signal from noise, have been investigated in starlings and zebra finches (Bee & Klump, 2004; Narayan et al., 2007) .
Song discrimination and recognition
Many species of bird are adept at discriminating songs of their own species as well as songs from other species. Within this context, birds are generally more adept at discriminating among different conspecific songs than among heterospecific songs (Cynx & Nottebohm, 1992; Dooling, Brown, Klump, & Okanoya, 1992; Sinnott, Sachs, & Hienz, 1980) . Fieldwork in sparrows is consistent with these laboratory findings, and suggests that different species may rely, at least for species recognition, on those acoustic features that most reliably distinguish their own songs from those of other species in the same sound environment (Nelson & Marler, 1990) . For example, frequency appears to be the most important cue for species recognition among field sparrows (Nelson, 1989) . Recognition systems appear to be tuned to the particular acoustic space of one's own species' vocalizations (Nelson, 1988) , but also maintain more general capacities to distinguish among many different types of song. These biases for the discrimination of species-specific vocalizations, and hence mechanisms for vocal recognition, likely result from evolutionary or ontogenic changes in the (presumably) central processing mechanisms that underlie higher-level auditory perception. This is consistent with the more general assumption that the perceptual and cognitive processes underlying individual vocal recognition, a widespread phenomenon among songbirds (reviewed by Stoddard (1996) ), operate on complex (multi-dimensional) acoustic signals. Within the same species many acoustic features may be relevant for classification of song components (Sturdy, Phillmore, & Weisman, 2000) . Recent laboratory studies of European starlings have addressed these questions directly by determining more precisely the form of the acoustic signal controlling recognition in this species.
Individual vocal recognition in starlings
Male starlings present their songs in long episodes of continuous singing referred to as bouts. Song bouts, in turn, are composed of much smaller acoustic units referred to as motifs (Adret-Hausberger & Jenkins, 1988; Eens, Pinxten, & Verheyen, 1991) , which in turn are composed of still smaller units called notes. Notes can be broadly classified by the presence of continuous energy in their spectrographic representations, and although several notes may occur in a given motif, their pattern is usually highly stereotyped between successive renditions of the same motif. One can thus consider starling song as a sequence of motifs, where each motif is an acoustically complex event. The number of unique motifs that a male starling can sing (i.e. his repertoire size) can be quite large, and consequently different song bouts from the same male are not necessarily composed of the same set of motifs. This broad acoustical variation in their song provides several potential cues that starlings might use when learning to recognize the songs of an individual conspecific and while maintaining that recognition over time. One straightforward recognition mechanism is the association of specific motifs with specific singers. Although some sharing of motifs does occur among captive males (Hausberger, 1997; Hausberger & Cousillas, 1995) , the motif repertoires of different males living in the wild are generally unique (Adret-Hausberger & Jenkins, 1988; Eens, Pinxten, & Verheyen, 1989; Eens et al., 1991) . Thus, learning which males sing which motifs can provide discriminative cues for song recognition. Similar strategies may underlie individual song recognition behaviors observed in other species where individual possess elaborate vocal repertoires such as song sparrows (Beecher, Campbell, & Burt, 1994; Stoddard, Beecher, Horning, & Campbell, 1991) , but other strategies are available as well (Brooks & Falls, 1975a , 1975b Nelson, 1989) .
Data from operant studies in starlings indicate that song recognition is based at the level of the motif. Starlings trained using operant conditioning to recognize sets of songs from conspecific individuals can readily generalize correct recognition to novel songs from the same singers , 2000b . However, recognition falls to chance when these novel song bouts have no motifs in common with the training songs (Gentner & Hulse, 2000b) . This failure to generalize correct recognition to songs composed of novel motifs, or to single novel motifs, is consistent with the notion that starlings learn to recognize the songs of individual conspecific singers by attending to information contained at (or below) the level of the motif. That is, they appear to associate distinct sets of motifs (or variant motif features) with individual singers.
If starlings learn to recognize individuals by the sets of unique motifs that they sing, then once learned, it should be possible to control recognition systematically by varying the proportions of motifs in a given bout that come from two ''vocally familiar" males. That is, recognition behavior ought to follow the proportional distribution of motifs from two vocally familiar males rather than the presence or absence of single diagnostic motifs from either male. The behavioral data confirm this prediction. When starlings are compelled to classify conspecific songs, they do so by memorizing large numbers of unique song components (i.e. motifs) and organizing subsets of these motifs into separate classes (Gentner & Hulse, 2000b) . Consistent with this idea, recent results demonstrate that motifs form perceptually salient auditory objects embedded in a hierarchy of acoustic patterns (Gentner, 2008) . When the sub-motif acoustic structure is permuted in varying ways, recognition of the songs is significantly impaired. These effects are only seen for familiar motifs, however, suggesting that starlings learn the sub-motif structure of motifs and then perceive them as holistic auditory objects (Gentner, 2008) .
Additional support for the notion that motifs form holistic auditory objects comes from recent results in starlings that mirror perceptual restoration studies in humans (Seeba & Klump, 2009 ). In the classic demonstration of perceptual restoration (Warren, 1970) , units of speech (phonemes) within a presented sentence are perceived as present by human observers despite being replaced by noise (e.g. a human cough). The restoration effect only occurs when the phoneme is replaced by noise; when silence is inserted instead of noise, phonemes are correctly perceived as missing. This shows that with appropriate contextual cues, observers perceive missing acoustic information at the level of a whole phoneme, suggesting that they have a memory for phonemes as holistic auditory units. Similarly, starlings trained to detect small changes in motif similarities report significantly greater similarity between intact motifs and those with sections replaced by noise when compared to motifs with sections replaced by silence. Importantly, these results hold only for familiar motifs, suggesting that memory for motifs as learned objects informs their perception at later times (Seeba & Klump, 2009 ). These results provide another line of evidence for considering motifs as acoustic units and suggest that the representation of these motifs emerges via a combination of feed forward auditory input and memory for the motif as an object.
As a cognitive recognition strategy, classifying songs according to their component (motif) structure represents a straightforward method of dealing with these complex acoustic signals. Because individual starlings tend to possess unique motif repertoires, disjoint sets of motifs will generally correspond to individual identity. Therefore, attending to the motif structure captures a significant portion of the individual variation in the signal, albeit at the expense of a heavy demand on memory capacity. From a human perspective, this might seem a suboptimal strategy for individual vocal recognition, because in humans the total set of vocal signals that can be produced by a single individual is theoretically infinite. Instead, individual talker recognition in humans relies on voice characteristics such as timbre, glottal pulsation frequency, and spectral contours imparted by laryngeal morphology (Bricker & Pruzansky, 1976) that are largely independent of the linguistic content (Remez, Fellowes, & Rubin, 1997) . Although recent results indicate that some voice characteristics are present in starling song (Gentner, 2008) , these birds appear to recognize individuals by preferentially using information at longer temporal scales rather than the short (fast) timescale features that carry voice characteristics. This observation is consistent with the conjecture that the incorporation of individual identity information into the phonetics of the signal may be a plesiomorphic (evolutionarily older) state for vocal communication. As the size of the lexicon and sharing of signal elements between individuals increased, the association of unique vocabularies with different individuals would become increasingly inefficient, forcing the differentiation of vocal identity from other semantic channels.
Syntactic pattern sensitivity
Part of what makes human language unique is its incorporation of long timescale patterning rules (grammars) that constrain the meaning of specific utterances, e.g. telling us precisely who did what to whom. Animal vocalizations lack the combinatorial grammatical complexity of human language. Yet many animal communication signals have a rich temporal structure, and understanding how the temporal patterns in such signals are used and perceived is of broad interest. Such studies can serve to emphasize important similarities and differences in underlying mechanisms for processing acoustically complex vocal signals.
The prior sections on individual vocal recognition in starlings establish the functional importance of motif-level song organization. Under normal conditions, however, single motifs are almost never produced in isolation but typically occur as part of long and elaborate song bouts where 25-30 different motifs may be strung together in close succession. In the following sections we discuss the role of temporal motif patterning in starling song perception.
Motif sequences
Sensitivity to the temporal patterning of motifs could arise in its simplest form based on the explicit sequences in which familiar motifs are produced. As an example, a bird might learn to recognize motifs A-D (where letters denote different motifs) and the sequence ABCD. If this is the case, then presenting the same motifs in a different order may affect song recognition. Consistent with this, starlings trained to recognize naturally patterned songs have a much harder time recognizing novel songs from familiar singers when motifs are strung together in a random order, than when motifs follow each singer's natural motif ordering , indicating that starlings do attend to motif sequencing.
Motif patterns
Additional studies of temporal pattern perception in starlings move beyond simple transition probabilities between adjacent motifs to ask if starlings can acquire abstract rules that describe the patterning of familiar motifs (Gentner, Fenn, Margoliash, & Nusbaum, 2006) . That is, instead of learning the explicit sequence of motifs ABCD as above, the study asked if starlings could learn the pattern ABCD, where the letters now denote sets of motifs that can occur at each position. Rules that describe sequences of patterned strings have a rich history in the theory of formal grammars, and form the basis for theories of syntax in human language. Formal grammars can be classified hierarchically according to the complexity of the patterns they can produce or recognize (Hopcroft & Ullman, 1979) . Finite-state grammars are among the most limited type of formal grammar, and have been thought to describe all animal communication systems (Hauser, Chomsky, & Fitch, 2002 ; but see Suzuki, Buck, & Tyack, 2006) . Human languages minimally require a grammar more complex than finite-state, called a context-free grammar, in part to support the hierarchical embedding common in many syntactic structures (Chomsky, 1957; Hopcroft & Ullman, 1979) .
Starlings can learn to classify patterned strings of song motifs generated by both a finite-state grammar and a context-free grammar (Gentner et al., 2006) . In this case, strings generated by the context-free grammar followed the form A 2 B 2 , while the strings generated by the finite-state grammar followed the form (AB) 2 ,
where A and B refer to sets of acoustically distinct starling song motifs known as ''rattles" and ''warbles". It is important to note that the context-free grammar learned in this study, while more computationally complex than the finite-state grammar, is not sufficient to fully capture the hierarchical structure in human languages. Specifically, it lacks any long-range dependencies between specific elements that, in for example some English sentences, help define the pairings between subjects and verbs, and thereby enable understanding of who did what to whom. Therefore, one should not conclude from this study that songbirds have the capacity to master ''human" grammar. Nonetheless, it is clear that they can extract patterning rules from strings of vocal signals, and that those rules can have a remarkable level of complexity. Whether or not birds and humans rely on similar neuronal mechanisms to extract temporal pattern rules is unknown. In any case, the basic ability to attend to high-level patterns within strings of vocal signals, including at least some patterns defined by formal grammars, does not appear to be a recent or unique adaptation. Although there has been some discussion of the role of syntactic rules in structuring bird song in chickadees and wrens (Clucas, Freeberg, & Lucas, 2004; Hailman & Ficken, 1986; Holland, Dabelsteen, & Paris, 2000) , the existence of complex pattering rules in songbird vocalizations has not received adequate attention. Currently, there is no strong evidence to support the notion that songbirds (or any non-human species) use syntax to vary the semantic content of vocal signals in the combinatorial manner. By itself, the ability to process simple syntactic structures may be of little functional significance or adaptive value, and may represent a necessary but insufficient precondition to the use of unbounded signal sets observed in humans. These sorts of primitive pattern recognition abilities might need to be paired with more sophisticated gestural systems as a permissive step to subsequent evolution of human language processing capacities in their modern forms.
The neural coding in the songbird auditory system
The behavioral data yield several hypotheses regarding the neural mechanisms underlying the recognition of natural (i.e. complex) acoustic signals. First, the functionality of auditory objects in recognition behavior implies an explicit and discrete representation for vocal signals in the central nervous system. That is, the response functions of single neurons or of populations of neurons in appropriate auditory regions should reflect the segmentation of song at the level of the motif (in starlings) or other behaviorally relevant temporal scales. Second, because vocal recognition behavior requires the learned association between songs and singers, the neural representations of motifs should reflect their explicit behavioral relevance. That is, there should be a bias for representations of familiar compared to unfamiliar motifs. Third, the representational mechanisms and capacity (i.e. memory) of the system should permit the acquisition of very large numbers of acoustically complex, natural objects (motifs). The nature of object representation, representational plasticity, and memory capacity are central questions for any researcher interested in the neural coding of natural stimuli, including human speech and language. Below, we consider these questions in the context of the neural representation of starling song.
The avian auditory system
Auditory information enters the avian brain via sensory transduction in the inner ear, where vibrations on the basilar membrane of the cochlea are transduced into the action potentials propagated to the cochlear nuclei in the brainstem (Fig. 2) . The cochlear nuclei are characterized by strong tonotopy, and the neurons within these nuclei have a tendency to fire tonic bursts that align with amplitude peaks in the sound pressure waveform of the stimulus (Sachs & Sinnott, 1978) . Afferents from the brainstem converge in the midbrain structure mesencephalicus lateralis dorsalis (MLd). MLd is anatomically analogous to the mammalian inferior colliculus (IC), and in many respects it is also functionally analogous. Like the mammalian IC, MLd neurons show a wide variety of tuning characteristics, are not particularly sensitive to level differences, and have temporally precise responses that preserve the timing information in the acoustic signal (Woolley & Casseday, 2004) . They also respond to white noise and conspecific song in a way that suggests selectivity for particular spectrotemporal features, and the vast majority of these cells follow sinusoidal amplitude Fig. 2 . Schematic of the major auditory processing regions in the avian brain. Auditory information projects from the ear to the brainstem cochlear nuclei. In general, more complex acoustic information is represented in more central structures, i.e. those further from the cochlea. Apart from those to the classic song-control system, projections from the primary auditory pathways to areas responsible for multimodal integration and non-singing behaviors are uncharacterized, but presumably exist. See the text for more details. Thinner arrows indicate direct neural projections. Abbreviations: CM: caudal mesopallium, MLd: mesencephalicus lateralis dorsalis, NCM: caudomedial nidopallium, Ov: nucleus ovoidalis.
modulations -suggesting again that these cells encode the temporal features of an acoustic signal with high fidelity (Woolley, Fremouw, Hsu, & Theunissen, 2005) .
MLd sends afferents into the avian auditory thalamus, the Nucleus Ovoidalis (Ov). Ov shows a strong tonotopic arrangement, and its neurons have high spontaneous firing rates, and respond to stimuli at their preferred frequency with a tonic increase in firing rate (Bigalke-Kunz, Rübsamen, & Dörrscheidt, 1987) . There is also evidence of lateral inhibition in this region, as many cells show suppressive sidebands in their frequency tuning curves (BigalkeKunz et al., 1987) . Thalamic efferents project from Ov mainly into the Field L complex (shortened here to Field L), the avian analog of the mammalian primary auditory cortex (Karten, 1968 (Karten, , 1969 . Specifics of cytoarchitecture and neural connectivity allow further subdivision of the Field L complex into regions L1, L2a, L2b, L3 and L (here 'L' refers to a subregion of the larger complex Fortune & Margoliash, 1992; Saini & Leppelsack, 1977 , 1981 . L2a is the primary thalamorecipient zone, but L1 and L3 also receive weak thalamic input (Vates, Broome, Mello, & Nottebohm, 1996) . Field L shows strong tonotopy and robust responses to both natural song and pure tones (Capsius & Leppelsack, 1996 Haüsler, 1996; Leppelsack & Vogt, 1976; Sen, Theunissen, & Doupe, 2001) .
From Field L, forebrain processing proceeds along a number of parallel and interconnected pathways. Field L itself projects to the caudomedial nidopallium (NCM), which surrounds Field L anatomically, and to the lateral portion of the caudal mesopallium (CLM) (Vates et al., 1996) . The medial portion of the caudal mesopallium (CMM) shares reciprocal projections with both CLM and NCM (Vates et al., 1996) . Neurons throughout the songbird auditory telencephalon show complex patterns of tonotopic organization (Capsius & Leppelsack, 1996; Haüsler, 1996; Leppelsack & Schwartzkopff, 1972; Rübsamen & Dörrscheidt, 1986) , and varying selectivity to species-specific vocalizations (Bonke, Bonke, & Scheich, 1979; Leppelsack & Vogt, 1976; Müller & Scheich, 1985) . Neurons in Field L2a/b are less selective for species-specific vocalizations than those in L1 and L3 (Theunissen & Doupe, 1998; Theunissen, Sen, & Doupe, 2000; Theunissen et al., 2004) , which in turn are less selective than those in NCM and CM (Grace, Amin, Singh, & Theunissen, 2003; Müller & Scheich, 1985) . Increasing song selectivity across these regions is coincident with an increase in the non-linear components of the neural responses (Sen et al., 2001) , and higher regions in the pathway (i.e. NCM and CMM) are involved in the representation of complex acoustic features (e.g. Bonke et al., 1979; Gentner, Hulse, & Ball, 2004; Gentner & Margoliash, 2003; Leppelsack & Vogt, 1976; Müller & Scheich, 1985) .
Additional support for the role of NCM and CM in the processing of conspecific song comes from studies of stimulus driven expression of the immediate-early-gene (IEG) ZENK, a commonly used marker of song-evoked auditory activity (Mello, Velho, & Pinaud, 2004a) and song-induced experience-dependent plasticity (Jarvis, Mello, & Nottebohm, 1995; Jones et al., 2001; Mello, Nottebohm, & Clayton, 1995; Mello, Velho, & Pinaud, 2004b; Mello, Vicario, & Clayton, 1992; Ribeiro, Cecchi, Magnasco, & Mello, 1998) . In starlings, the IEG response in NCM appears tied to stimulus novelty, whereas IEG activity in CMM appears to correlate with the ongoing recognition of familiar songs (Gentner et al., 2004) . Together, these observations are consistent with a functional hierarchical organization of the songbird auditory system that is tuned throughout to conspecific song (Hsu, Woolley, Fremouw, & Theunissen, 2004; Woolley, Gill, Fremouw, & Theunissen, 2009; Woolley et al., 2005) .
In addition to connections between regions within the auditory system, anatomical (Vates et al., 1996) and functional (Bauer et al., 2008; Shaevitz & Theunissen, 2007) connections have been observed between auditory processing areas and the song production system, providing a path for feedback during the acquisition and maintenance of a bird's own song. While the full range of efferent targets for the auditory telencephalon is unknown, it is likely that brain regions outside the classic ''song system" are involved in the subsequent processing of song representations, including areas responsible for integrating multimodal information that naturally accompanies hearing song, as well as regions necessary for carrying out decision processes and motor programs necessary for executing song-mediated behaviors, e.g. copulation displays.
An increasing amount is known about the functionality and gross anatomical connectivity of the structures described above, but there is still little knowledge of the underlying functional micro-circuitry. Early EM and light microscopy studies of local circuitry within Field L indicate that neurons are arranged in small clusters (Saini & Leppelsack, 1977) , and it is tempting to hypothesize that these clusters may form functional units. Perhaps related to this, large numbers of GABAergic cells are distributed throughout Field L, NCM, and CMM. In NCM and CMM many of these cells also show song-inducible expression of ZENK (Pinaud et al., 2004) , suggesting that inhibitory mechanisms play an important functional role in the representation of learned acoustic material (see the following for further discussions of inhibitory processing in the avian auditory forebrain Capsius & Leppelsack, 1996; . Much work remains to be done to test these hypotheses. In general, elucidating the structure and activity of local circuitry will be crucial for understanding how song representation differs in distinct brain regions, the transformations that occur between these regions, and the role of these different representations in a bird's behavior. This will be an area of considerable research effort over the next decade.
The avian forebrain lacks the gross anatomical structure of mammalian cortex. Nonetheless, birds and mammals use their auditory systems to solve many similar behavioral problems. Structural and functional similarities present in the auditory regions of both classes of animals at the cellular (Saini & Leppelsack, 1981) and systems levels (Wild, Karten, & Frost, 1993) , (Sockman, Gentner, & Ball, 2002) , and across the whole of the forebrain (Jarvis et al., 2005) may reflect these common behavioral goals, Observations suggesting a link between avian studies and the rich body of research on the mammalian cortex highlight the need for comparative studies of auditory system function. Comparing anatomical and functional similarities between birds and mammals and across species within these classes will lend insight into which processes are likely to be fundamental to the representation of the auditory world by a neural substrate, and which may be idiosyncratic to a particular organism or group of organisms.
Experience-dependent representation of song
The acoustic environment of a songbird is not likely to be constant over time, or between individuals. Territories change hands and the available range of mates fluctuates. In order to effectively interpret the acoustic features in song, the auditory system needs to structure its representation in such a way that allows for dynamic behavioral goals of the organism. A combination of gene expression and electrophysiological studies has helped to characterize several regions within the auditory telencephalon where representations of learned song are thought to be stored.
Many neurons in NCM and CM show a rapid and selective upregulation of the ZENK (or its protein product) in response to the presentation of conspecific songs (Mello et al., 1992) , in manner sensitive to the acoustics of particular song syllables (reviewed in Ribeiro et al., 1998; Terleph, Mello, & Vicario, 2006) . Interestingly, these IEG responses , as well as NCM multiunit recordings (Chew, Vicario, & Nottebohm, 1996) , habituate to the repeated presentation of the same conspecific song. Similar habituation in the ZENK response in NCM also appears closely tied to the context under which song is presented (Kruse, Stripling, & Clayton, 2004) . In addition, IEG responses are elevated during specific components of vocal recognition (Gentner et al., 2004) , female choice (Gentner, Hulse, Duffy, & Ball, 2001) , and other song-based learned behaviors (Jarvis et al., 1995) including vocal acquisition (Phan, Pytte, & Vicario, 2006) . While these habituation processes are likely to be important for understanding how the system processes conspecific song (e.g. Dong & Clayton, 2009) , non-associative forms of learning are insufficient to capture the complexity of most song-based natural behaviors where reinforcement and stimulus associations are vital.
An organism's sensory experiences evoke long-lasting changes that bias cortical circuits towards representations of behaviorally relevant signals (Gilbert, Sigman, & Crist, 2001 ). Experience-dependent plasticity in neural responses underlies many forms of associative learning and has been observed across a variety of vertebrate sensory systems and brain regions (e.g. Bakin & Weinberger, 1990; Kay & Laurent, 1999; Kilgard, 2003) . Experience dependant plasticity has also been observed in starlings that have been trained, using methods similar to those described above, to recognize sets of conspecific songs. In birds trained this way, single neurons in CMM respond much more robustly (i.e. emit many more action potentials) to songs the birds have learned to recognize than to unfamiliar conspecific songs. The strong response bias for familiar songs is consistent in animals trained with either a two-alternative choice procedure, where all of the training songs are paired with positive reinforcement, or go/no-go procedure, where only half the training songs are paired with positive reinforcement. In the latter case, however, songs associated with positive reinforcement elicited significantly stronger responses from CMM neurons than those associated with no reinforcement (Gentner & Margoliash, 2003) . Thus, plasticity in CMM neuronal responses cannot be driven simply by song exposure. Other processes that mark the relevance of each song independent of any particular signal acoustics, such as attention, motivation and/ or specific reinforcement, are likely involved.
CMM neurons do not respond at high rates to the entire ensemble of familiar songs. Instead, many individual neurons are selective for only a single song, or for only a small number of motifs within a single song (Gentner & Margoliash, 2003) . Thus the same features that drive individual vocal recognition of starling song at the behavioral level (i.e. motifs) also elicit selective responses from single neurons. The mechanisms whereby this selectivity arises over the course of learning are not clear. It may be that the receptive fields of individual neurons are modified to match the spectrotemporal acoustics of behaviorally relevant signals. Rapid shifts in auditory receptive fields driven by behavioral goals have been observed in other systems (Fritz, Elhilali, & Shamma, 2007; Fritz, Shamma, Elhilali, & Klein, 2003) . Alternatively, neurons that best match the acoustics on relevant songs may be somehow selected from an otherwise static population, and/or the responses neurons that don't match the relevant acoustics suppressed. These possibilities, along with the larger question of how to best model the receptive fields of these high-level auditory neurons, remain the topic of future research (e.g. Gill, Woolley, Fremouw, & Theunissen, 2008) . Nonetheless, recent work consistent with the ideas above suggests that there may be a variety of forms of experience-dependent plasticity throughout the songbird auditory forebrain (Caporello & Gentner, 2008; Jeanne, Sharpee, & Gentner, 2008; Thompson & Gentner, 2008) . Spike trains in Field L already carry sufficient information to discriminate between conspecific songs (Narayan, Graña, & Sen, 2006) , suggesting that representation of the relevant acoustics may not be the primary role for processing within these regions. Rather, the system may be primarily concerned with the extraction of task-relevant features and their mapping onto appropriate responses.
The observations of experience-dependent plasticity in the songbird auditory system suggest a system that is simultaneously constrained in its immediate representational capacities by each animal's history, yet is tremendously adaptive in its ability to acquire a broad (currently undetermined) range of complex representations. It is tempting to speculate that similar experiencedependent, hierarchical processes may give rise to the phonetic, phonemic, syllabic and word-level representations that must be correlated with language experience in humans. At the same time, one must be careful to temper these kinds of speculations with an appropriate appreciation for the natural history of the organism. While the song recognition system expresses tremendous plasticity, it is reasonable to ask whether all of the links between auditory features and the behaviorally relevant phenomena they represent must be learned during an individual bird's lifetime. The existence of, for example, species-specific warning calls and the preference for conspecific song suggest that the meaning associated with some signals may not require any sort of learning. By extension, such processes may entail substantially different mechanisms at both neural and behavioral levels.
In many songbirds, the females' decision of who to mate with (termed female choice) is driven by the acoustics of competing males' songs. (Catchpole & Slater, 1995; Searcy, 1992) . These behaviors provide an interesting context within which to explore the relationship between learned and innate signal processing mechanisms, as they are strongly influenced by both kinds of information. Untrained female starlings show strong preferences for the long songs of older males (Gentner & Hulse, 2000a) , and these preferences are reflected in ZENK protein expression levels in NCM (Gentner et al., 2001 ; see also Maney, MacDougall-Shackleton, MacDougall-Shackleton, Ball, & Hahn, 2003 ). Yet, the magnitude of these preferences can be modified with relatively little experience (Sockman, Gentner, & Ball, 2005; Sockman et al., 2002) . Lesions to CM, the same region involved in song recognition in starlings, lead female zebra finches to produce copulation solicitations to both conspecific and heterospecific song (MacdougallShackleton et al., 1998) . Similar effects are reported in female canaries with lesions to the song nucleus HVC (Brenowitz, 1991) , suggesting that brain regions involved in song production may also function in song perception. Future work should continue to target the neural mechanisms that support this natural decision behavior.
Conclusions
Although no two species are identical, this review describes a number of ways in which the auditory processing capacities of songbirds are similar to those of other vertebrates, and in particular to those of humans. Perhaps one reason why birdsong has captivated humans for so many centuries is that we ''hear the world" in very similar ways. Indeed, the fact that birds and humans share a similar perceptual representation of the acoustic world holds the promise that higher-level auditory features relevant to more complex behaviors in birds may inhabit a similar acoustic space to those that are relevant for vocal communication in humans. In turn, there may be common neural and behavioral mechanisms adaptive for processing signals within this shared acoustic space. After human language, birdsong is arguably the most acoustically complex and diverse communication signal known. Although it is interesting in it own right, the parallels to human perception make it an excellent model for investigations for higher-level auditory processes, and enable a full range of neurobiological and behavioral techniques that are difficult to use in humans.
Although it is likely that the bird's brain can help us understand important strategies for solving auditory perception tasks that are mutual between humans and birds, birdsong is not language.
In particular, birdsong lacks the rich combinatorial structure and semantics of human vocal signals, and may be more analogous to speech than language (Doupe & Kuhl, 1999) . By some theories, much of what makes human language unique is modality independent (e.g. Hauser & Bever, 2008) , and so the greatest differences between humans and other animals may lie in the mapping between the outputs of speech processing brain areas and higher-order structures. The mechanisms for extracting, parsing, and representing patterned strings of vocal signals may be conserved across a wide range of species. Within this context, there remain a number of substantial challenges for the songbird auditory system that are germane to our general understanding of systems neuroscience. How are the complete receptive fields for high-level auditory (or other sensory modality) neurons best modeled? The best current models perform poorly beyond the primary thalamorecipient zones. What is the micro-circuitry of Field L, NCM, CM? The organization of the avian auditory telencephalon may be substantially different from that of mammalian cortex, yet very similar function is achieved. How? What are the sources -behavioral, anatomical and physiological -for top-down modulation through attention, reinforcement, memory, etc. within the system? Finally, what are the roles of judgment and decision in the auditory telencephalon and its efferent targets? Further studies into the behavioral and neural basis of the birdsong auditory system promise to be instrumental in answering these questions.
